Early plasma is generated owing to high intensity laser irradiation of target and the subsequent target material ionization. Its dynamics plays a significant role in laser-material interaction, especially in the air environment [1][2][3] [4] [5] [6] [7] [8][9][10][11] .
Ablation and Measurement
1. Move the focal lens up to a distance of about 50 μm away from the focal point. 2. Move the delay stage on the probe pulse beam path with an interval of 0.3 mm to capture the image every 2 ps till 10 ps, or with an interval of 3 mm to capture the image every 20 ps till 480 ps. 3. Repeat Step 4.2 for several times for repeatability and accuracy. 4. Move the focal lens down to a distance of about 50 μm away from the focal point, and repeat Step 4.3.
Representative Results
The measured shadowgraph images are shown in Fig. 2 and Fig. 3 , for the focal point slightly above and below the target surface, respectively. The longitudinal and radial expansion positions are plotted in Fig. 4 and Fig. 5 . The longitudinal expansions of these two cases in the first 100 ps are significantly different; however, their longitudinal expansions in the following 400 ps and their radial expansions are similar. For the first case, the early plasma within 100 ps has a one-dimensional expansion structure consisting of multiple layers. For the second case, the early plasma has a two-dimensional expansion structure that does not change very much within 100 ps.
The simulation model 12 is used to investigate the mechanism of early plasma evolution. Time zero is defined as the time when the laser pulse peak reaches the target surface. The simulated early plasma evolution processes agree well with the measured results for both of these two cases, as shown in Fig. 6 and Fig. 7 , respectively. The formation of the early plasma within 1 ps is also predicted for the first case using the simulation model and shown in Fig. 8 . The early plasma is found to have an air breakdown region and a Cu plasma region. The air breakdown is first caused by multi-photon ionization and then followed by avalanche ionization. For the second case, however, the focal point is below the target surface and no separate air breakdown region is formed. Instead, air ionization occurs near the Cu plasma front and is caused by impact ionization owing to the free electrons ejected from the Cu target. 
